High-purity powder samples of lithium and sodium azide (LiN 3 , NaN 3 ), cyanate (LiOCN, NaOCN) and hydrogen fluoride (LiFHF, NaFHF) were studied by means of 59.54 keV Compton spectroscopy. The measured isotropic Compton profiles were corrected for multiple scattering and transformed to spherically averaged reciprocal form factors B a (s). The experimental results are compared with theoretical reciprocal form factors obtained from Hartree-Fock calculations with different types of basis sets (Gaussian-and Slater-type orbitals, with and without polarisation functions) both for the free ions and for several kinds of clusters. The importance of intraionic and interionic interaction for the description of chemical bonding in these compounds is pointed out and discussed.
Introduction
Compton spectroscopy provides a powerful and sensitive experimental tool in studying the electronic momentum distribution in atoms, molecules and solids, as in the impulse approximation [1, 2] it yields a complete one-dimensional electron momentum distribution in the scatterer. Some effort has been expended to correlate chemical properties with the spherically averaged one-electron momentum density 7i (p) and the isotropic Compton profile J (q) (see, e.g., [3] ). The main effect of chemical bonding is the broadening of Ti (p) and J (q) owing to the virial theorem and the plane-wave-type modulation by the interference between atoms. Within the context of the impulse approximation, the shape of the measured Compton band reflects the one-dimensional projection of the total electron momentum density onto a line q in the direction of the scattering vector of the experiment. When the target system studied is randomly oriented (gases, liquids, powders) the momentum density n (p) seen by the experiment is spherically symmetrical, * Presented at the Sagamore X Conference on Charge, Spin and Momentum Densities, Konstanz, Fed. Rep. of Germany, September 1-7, 1991.
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n(p) = (n(p)y n and the quantity measured is the isotropic (spherically averaged) Compton profile
J{p z ) = J \n(p)dp x dp y (1) Px Py or, in spherical momentum coordinates, 00 J(q) = 2n J 7i(p)pdp.
hi Although comparison of experimental and theoretical results can be done at this level, we prefer using the reciprocal form factor, B a (s). It is a function defined as the 3D Fourier transform of the electron momentum density n (p) as well as the 1 D Fourier transform of the Compton profile J (q) (see also [4] and the references therein):
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The reciprocal form factor is the position-space representation of ti (p) and J (q) and can also be expressed as the sum of orbital autocorrelation functions 0932-0784 / 93 / 0100-0325 $ 01.30/0. -Please order a reprint rather than making your own copy.
weighted by the occupation numbers rij, 00 = + (5) j -00 Most methods of calculating theoretical reciprocal form factors that start from the position-space wave function of an electronic system make use of the relationship in (5).
Experiment
Four of the six substances that we have analysed had to be synthesised (LiN 3 , LiOCN, LiFHF and NaFHF), the other two (NaN 3 and NaOCN) were purchased; all except sodium azide had to be purified before use. Only a resume of the synthesis and purification of the substances is given here; for more detailed information see [5] .
Lithium azide was prepared by the method described by Hoth et al. [6] , After sixfold recrystallisation from ethanol/ether (1:9 by volume) the substance reached a purity of 99.7%. Sodium azide was purchased from E. Merck, Darmstadt. All analysed samples of the product showed a purity exceeding 99.5%. The purity of the azides was determined by Möhr titration as described in [7] , using the special indicator (a mixture of potassium Chromate and dichromate) recommended by Belcher et al. [8] .
The synthesis of lithium hydrogen fluoride proved to be rather difficult, and several methods had to be used before we succeeded. We found the compound to be highly unstable (even at room temperature it rapidly decomposes into LiF and HF), in accordance with the statements of Krüh et al. [9] . The synthesis was performed with the method described by Ludman et al. [10] , using a 70% solution of hydrogen fluoride in a 14-fold excess. The resultant LiFHF was flushed with dry nitrogen at room temperature for 15 minutes to drive off excess HF and water. According to our observations, it is not possible to dry the substance at 95 °C without significant loss of HF. Sodium hydrogen fluoride was prepared without considerable difficulties by a similar method, the substance being much more stable than the lithium salt. The purity of the hydrogen fluorides was determined by acidimetric titration with a 0.1 n NaOH solution.
Sodium cyanate was purchased from Janssen Chimica. It is well known that cyanates undergo slow hydrolysis yielding ammonium and carbonate ions and that they have to be dried thoroughly to avoid partial decomposition on storage. Pure NaOCN can be obtained by careful recrystallisation from water by the method described by Scattergood [11] . Qualitative tests for carbonate, ammonium, urea and cyanide were negative. Lithium cyanate is an almost unknown substance and only rarely mentioned in literature so far. The synthesis was therefore carried out using the same method as for NaOCN and gave good results (see [5] for details concerning preparation and purification of LiOCN). The purity of the cyanates was determined by a gravimetric method; cyanate is precipitated by AgN0 3 from dilute nitric-acid or neutral solution (Duval, [12] ).
The Compton measurements in this work were performed with a spectrometer built by Bachmann [13] and modified by Haas (for a detailed description of the spectrometer see [14] ), employing an annular 241 Am source (primary photon-energy 59.537 keV) of 5 Ci activity. Photons scattered under an angle of 163.5° were detected. All spectra were recorded under vacuum (0.2-0.4 mbar). Because of its instability, the LiFHF spectra had to be measured at temperatures between -50 and -60 °C using a special sample holder. Chemical analysis as well as (except for LiFHF, where we had to rely on the chemical analysis alone) weighing of the pressed powder sample before and after the measurement guarantee for the high purity (> 99%) of the examined specimens.
The scattered photons were analysed with an intrinsic-Ge detector (Princeton Gamma-Tech), the signals amplified, shaped and finally registered by a multichannel-analyser. All spectra consisted of 4096 channels (channel width 20 eV), at least 21,000,000 photons for the spectra of the lithium salts and 41,000,000 photons for the spectra of the sodium salts were collected. The resulting standard deviation of B a (s) was thus less than 0.005 electrons for all measurements. The purely Gaussian resolution function of the experiment had a full width at half maximum Ag FWHM = 0.604 p0 (p 0 = 1 Dumond = 1.99289 • 10" 24 kgms" 1 ).
The various steps in processing the recorded data have been described earlier (see, e.g., [4] ). Because of the convolution of the Compton profile J(q) with the experimental resolution function to J c (q), the reciprocal form factor obtained is attenuated by the multiplicative function
to B a (s). A correction for multiple scattering was done by extrapolating the measured B a (s) values to zero sample thickness.
Calculation of Theoretical Data
Calculations of theoretical reciprocal form factors were performed, using both Gauss-type and Slatertype orbitals (GTOs and STOs). For the calculations with GTOs we used the program GAMESS (General Atomic and Molecular Electronic Structure System) described by M. W. Schmidt et al. [15] and M. Dupuis et al. [16] . For a few systems, calculations with the program CRYSTAL 88 (a Hartree-Fock SCF program for periodic systems) of Pisani et al. [17, 18] were also performed. From the obtained HF-SCF molecular wave functions, B a (s) values were calculated by the autocorrelation relationship of (5) . For all the three anions, calculations using the program BVSSM (see [5] ) were performed. This program uses the Fouriertransformed STOs for calculating the spherically averaged momentum density; the B a (s) is then obtained by
Fourier-Hankel transformation of the isotropic momentum density (see (4)).
Results and Discussion
For the cations Li + and Na + , calculations for both the free ions and for some arrangements of ions using basis sets of different quality were performed. The reciprocal form factors for lithium are shown in Figure 1. Curve a is the B*(s) of a lithium atom (we used the STO basis set of Clementi et al. [19] ), the curves b-e are obtained from different GTO basis sets implemented in GAMESS, curve f is for a basis set of Clementi et al. [19] again, this time for Li + . We had some difficulties in getting closer than 0.2 E h (E h = 1 Hartree = 27.212 eV = 4.359828 • 10" 18 J) to the Hartree-Fock limit for lithium, even with the best basis set. Significant differences between curve b (MIDI basis set [20] ) and d (3-21 G basis set [21] ) on the one hand and c (DH basis set [22] ) and e (6-21 G basis set [21] ) on the other, can clearly be seen. Basis sets that differ only slightly in the convergence energy may still have quite different reciprocal form factors.
A similar effect is observed in the case of sodium. Figure 2 shows a comparison of reciprocal form factors obtained by starting from the same basis sets as in Figure 1 .
Four of the six investigated substances have rhombohedral (trigonal) crystal structures (LiFHF [23] , NaN 3 [24] and NaFHF [25] belong to spacegroup D 3d , R3m, No. 166, whereas NaOCN [26] -because of the less symmetric anion -belongs to spacegroup C 3v , R3m, No. 160). The triatomic linear anions are oriented parallel to the C 3 -axes of the crystal structure in all four compounds. Lithium azide is monoclinic (spacegroup Clh, C2/m, No. 12 [24] ); the unit cell of lithium cyanate is also monoclinic, as determined in [5] .
For the less symmetric monoclinic systems LiN 3 and LiOCN, the influence of the quality of the basis set on the calculated theoretical reciprocal form factors B a (s) was studied in comparison to the experiment. The B a (s) for LiN 3 and LiOCN were obtained by superposition of separate anion and cation contributions. Figure 3 shows the comparison of the data for LiOCN; curve a is the reciprocal form factor for separate (i.e. noninteracting) atoms, obtained from the basis set of Clementi et al. [19] , curve b is the experiment. The curves c-e were calculated starting from different basis sets implemented in the program GAMESS (MINI, MIDI and DH) for the NCO~ anion; the cation contribution is the same in all cases (DH basis set for Li + ). Curve f was obtained from the doublezeta-plus-polarisation (DZ + P) STO basis set of McLean et al. [27] .
The comparison of theoretical and experimental reciprocal form factors for LiN 3 is shown in Figure 4 . GAMESS-implemented basis sets were used for the N 3 anion again; the Li + contribution to the reciprocal form factor is the same as in Figure 3 . Similar effects as in the case of LiOCN were found. The MINI and MIDI basis sets predict a too low minimum for the B a (5) . The position of this minimum as well as the depth changes when using better basis sets (DH). Only qualitative agreement between theory and experiment can be reached in the case of LiN 3 ; for LiOCN the agreement is even poorer.
For the substances with rhombohedral crystal structures (see above), several types of symmetryadapted clusters consisting of three or more anions or cations as well as of mixtures of anions and cations were used for the calculations. Figure 5 shows the comparison of experimental and theoretical curves for LiFHF. The influence of the quality of the wave functions used can again be clearly seen when comparing curve c (obtained from a MIDI GTO basis set) with curve d (DH). The reciprocal form factors of the curves e and f were calculated with a basis set owing to Kistenmacher et al. [28] , with a MINI basis set for hydrogen in curve e and DH for Fig. 1 . Theoretical reciprocal form factor ß a (s), attenuated by the experimental resolution, a) Lithium atom, basis set of Clementi et al. [19] , b) Li + , MIDI basis set [20] , c) Li + , DH bases set [22] , d) Li + , 3-21 G basis set [21 ] , e) Li + , 6-21 G basis set [21] and f) Li + , basis set of Clementi et al. [19] . See Table 1 for the ß a (s) values. Figure 1 . Figure 2 . [19] , b) experimental reciprocal form factor, c) theoretical B a (s), Li + : DH basis set [22] , N 3 : MINI basis set [20] , d) theoretical ß a (s), Li + : DH basis set [22] , N 3 : MIDI basis set [20] , e) theoretical B a (s), Li + : DH basis set [22] , N 3 : DH basis set [22] [19] , b) experimental reciprocal form factor, c) theoretical ß a (s), Li + : DH basis set [22] , FHFMIDI basis set [20] , d) theoretical B a (s), Li + : DH basis set [22] , FHF -: DH basis set [22] , e) theoretical ß a (s), Li + : DH basis set [22] , FHF -: basis set of Kistenmacher et al. [28] for fluorine and MINI basis set [22] for hydrogen, f) same as e), but DH basis set ( [22] ) on hydrogen. [19] for all atoms, b) experimental reciprocal form factor, c) theoretical ß a (s), Na + : MIDI basis set [20] FHF -: MIDI basis set [20] , d) theoretical ß a (s), Na + : MC basis set [30] , FHF": DH basis set [22] , e) theoretical ß a (s), Na + contribution from a cluster consisting of 3Na + cations with MIDI basis set [20] , and 3 FHF -anions, also MIDI basis set, f) same as e), but with MC basis set [30] on sodium and DH basis set on FHF -. Table 6 . Reciprocal form factor of NaFHF, experiment vs. theory. See also Figure 6 . [19] , b) experimental reciprocal form factor, c) theoretical B a (s), Na + : MIDI basis set [20] , N 3 : MIDI basis set [20] , d) theoretical ß a (s), Na + contribution from a cluster consisting of 3 Na + cations with MIDI basis set [20] , and 3NJ anions, also MIDI basis set, e) theoretical ß a (s) of a mixed cluster consisting of 3Na + with MIDI basis set [20] , and 3N 3 , also MIDI basis set, f) same as e), only with MC basis set ( [30] ) on sodium and DH basis set on N 3 . Table 7 . Reciprocal form factor of NaN 3 , experiment vs. theory. See also Figure 7 . [20] , and 3NCO -anions, also MIDI basis set, e) theoretical ß a (s) mixed cluster consisting of 3Na + : MIDI basis set [20] , and 3NCO", also MIDI basis set, f) same as e), but with MC basis set [30] on sodium and DH basis set on NCO -. Table 8 . Reciprocal form factor of NaOCN, experiment vs. theory. See also Figure 8 . curve f. The agreement with the experimental data is very poor for this basis set, the predicted reciprocal form factor being much too flat. Although very good from the point of view of energy (only 0.04 £ h , i.e. 0.02%, from the Hartree-Fock limit for FHF" [29] ), this basis set gives poor B a (s) values. The effect of the basis set used for hydrogen is rather small; the reciprocal form factor of the FHF" anion is dominated by the F~ contribution (compare curve e and f).
The curves of the reciprocal form factor for NaFHF are shown in Fig. 6 ; the curves a and b have the same meaning as above (i.e. superposition of noninteracting atoms and experimental B a (5), respectively). The effect of the quality of the basis set together with the size of the cluster used for the calculation is examined. Curve c was calculated using MIDI basis sets for Na + as well as for the FHF -anion, whereas for curve d a
McLean-Chandler (MC) basis set [30] was used for sodium and DH for hydrogen fluoride. The position of the minimum as well as its depth change towards the experimental curve. Using clusters consisting of three anions and three cations does not change the reciprocal form factor much in the case of the MIDI basis set (see curves c and e); the improvement is, however, significant for the better MC/DH basis sets. Still, only qualitative agreement can be obtained using clusters consisting of only three anions.
A comparison of experimental and theoretical data for NaN 3 is shown in Figure 7 . The effect of the size of the cluster can be seen when comparing curve c and d, where the quality of the basis set was kept constant (MIDI). For the reciprocal form factors of the curves e and f, a mixed cluster consisting of three anions and three cations was used, with MIDI basis sets for sodium and azide in the case of curve e and MC (Na + ) and DH (NJ) for curve f. Only the last curve shows qualitative agreement with experimental data; the position of the minimum is correct, but not the depth.
Better agreement between theoretical and experimental B a (s) was reached for NaOCN, as can be seen from Figure 8 . The curves c and d were obtained starting from the same basis set (MIDI); for curve d, clusters of three anions and cations were used. For the reciprocal form factors of the curves e and f, anions and cations were packed together. Best agreement is reached for curve f, where an MC basis set for Na + and DH for the anion was employed.
Conclusions
In the present paper a comparison of theoretical and experimental reciprocal form factors for isotropic samples with good qualitative agreement can be reported. The influence of the quality of the basis set upon the theoretical reciprocal form factor in comparison to the experimental data was discussed. Some differences between STO and GTO basis sets were noticed; with increasing quality of the basis set (energies approaching the Hartree-Fock limit) these differences become smaller. We found, however, the reciprocal form factor to be much more sensitive in estimating the quality of a basis set than the convergence energy. Basis sets with only slightly different energies can lead to completely different B a (s) values.
The size of the anion or cation cluster used had a smaller but still significant influence on the agreement between experimental and theoretical data. We performed such calculations for the systems with rhombohedral crystal structures. The interaction of anions and cations along the C 3 -axes of the rhombohedral cell is, owing to the large distances between the ions (they range from 6.59 Ä in LiFHF to 7.60 Ä in NaN 3 ), negligible over this distance (no change in the shape of the B a (s) curve in the range of s values between 1.5 Ä and 5.0 Ä could be observed). Much more important are interactions in directions perpendicular to the C 3 -axes. Good agreement between theory and experiment could be reached only when taking these interactions into account. Further studies on systems with linear triatomic anions (especially NJ and FHF") including directional measurements on single crystals and extended solid-state calculations are in progress.
